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SEMICONDUCTOR LIGHT EMITTING DEVICES INCLUDING IN-PLANE LIGHT 

EMITTING LAYERS 

BACKGROUND 
FIELD OF INVENTION 

[0001] The present invention relates to wurtzite semiconductor light emitting devices. 
DESCRIPTION OF RELATED ART 

[0002] Semiconductor light-emitting devices including light emitting diodes (LEDs), 
resonant cavity light emitting diodes (RCLEDs), vertical cavity laser diodes (VCSELs), and 
edge emitting lasers are among the most efficient light sources currently available. Materials 
systems currently of interest in the manufacture of high-brightness light emitting devices 
capable of operation across the visible spectrum include Group III-V semiconductors, 
particularly binary, ternary, and quaternary alloys of gallium, aluminum, indium, and 
nitrogen, also referred to as Ill-nitride materials. Typically, Ill-nitride light emitting devices 
are fabricated by epitaxially growing a stack of semiconductor layers of different 
compositions and dopant concentrations on a sapphire, silicon carbide, Ill-nitride, or other 
suitable substrate by metal-organic chemical vapor deposition (MOCVD), molecular beam 
epitaxy (MBE), or other epitaxial techniques. The stack often includes one or more n-type 
layers doped with, for example, Si, formed over the substrate, a light emitting or active region 
formed over the n-type layer or layers, and one or more p-type layers doped with, for 
example, Mg, formed over the active region. One class of UV through green light emitting 
diodes or short wavelength laser diodes use InGaN/GaN or InGaN/InGaN strained quantum 
wells to generate light by the recombination of electrons and holes injected from the n- and 
p-type regions sandwiching the quantum wells. 

SUMMARY 

[0003] In accordance with embodiments of the invention, a semiconductor light emitting 
device includes a planar light emitting layer with a wurtzite crystal structure having a <0001> 
axis roughly parallel to the plane of the layer, referred to as an in-plane light emitting layer. 
The in-plane light emitting layer may include, for example, a {1 1 20} or {101 0} InGaN light 
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emitting layer. In some embodiments, the in-plane light emitting layer has a thickness greater 
than 50 A. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0004] Fig. 1 illustrates the crystal structure of a wurtzite Ill-nitride semiconductor. 

[0005] Fig. 2 illustrates a portion of an energy band diagram for a Ill-nitride device 
including a {0001 } light emitting layer and a Ill-nitride device including an in-plane light 
emitting layer. 

[0006] Fig. 3 illustrates a portion of an energy band diagram for a Ill-nitride device 
including a {0001 } light emitting layer and a Ill-nitride device including an in-plane light 
emitting layer. 

[0007] Figs. 4 and 5 illustrate Ill-nitride light emitting devices incorporating in-plane 
light emitting layers. 

[0008] Fig. 6 illustrates a portion of an energy band diagram for a Ill-nitride device 
including an in-plane multiple quantum well active region. 

DETAILED DESCRIPTION 

[0009] Fig. 1 illustrates a wurtzite crystal GaN structure. Ill-nitride devices are often 
grown on the {0001 } or c-plane of a sapphire substrate, due to the wide availability and ease 
of handling such substrates. The resulting Ill-nitride layers, including the light emitting layer 
or layers in the active region, are typically {0001 } layers, meaning the <0001> axis is 
perpendicular to the plane of the Ill-nitride layers. Wurtzite crystal layers of 
{0001 } orientation exhibit both spontaneous and piezoelectric polarization, resulting in sheets 
of fixed charges at interfaces between {0001 }III-nitride layers of different alloy 
compositions, such as the interfaces between a Ill-nitride light emitting layer and adjacent 
layers. The sheet charges produce an electric field across the light emitting layer. 

[0010] The electric field in a {0001 } Ill-nitride light emitting layer can cause the energy 
band of the light emitting layer to tilt substantially as the electric potential changes. As a 
result, the wave functions of the electrons and holes separate spatially from one another, and 
the overlap integral of the wave functions decrease. Since the optical properties such as the 
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light emission and absorption depend on the overlap integrals, the efficiency of {0001 } 
devices decreases with increasing electric fields. 

[0011] In accordance with embodiments of the invention, a Ill-nitride light emitting 
device is grown such that the crystallographic <0001> direction is roughly parallel to the 
plane of the light emitting Ill-nitride layers. Confining the <0001> axis in the plane of the 
light emitting layers may reduce the electric field across the light emitting layers. A device or 
crystal layer with the <0001> direction parallel to the plane of the layer or layers is referred to 
below as an "in-plane" or "in-plane polarized" device or layer, since the c-axis is parallel to or 
in the plane of the device layers. In some embodiments, the light emitting layer or layers in 
the active region of a Ill-nitride device are < lOlO > or < 1 120 > layers of the quaternary 
alloy In x Al y Gai. x . y N (0 <x <1, 0 <y <1, x + y <1). 

[0012] Devices with in-plane light emitting layers may be fabricated by growing the 
device layers on an in-plane growth substrate. Examples of substrates suitable for growth of 
an in-plane active region include the {10l0} and {1 120} surfaces of SiC of the 2H, 4H, or 
6H polytypes; the {1012} surface of sapphire; and the {100} surface of y-LiAlC>2. In the case 
of SiC substrates, the orientation of the deposited Ill-nitride films matches the orientation of 
the substrate. When using the metal-organic chemical vapor-phase epitaxy technique, the 
process of depositing the in-plane Ill-nitride layers is similar to the process used for 
depositing <0001> Ill-nitride layers on a <0001> SiC substrate. A buffer layer of AlGaN is 
deposited, at high temperature (-1 100°C), directly on the SiC substrate. A layer of GaN is 
deposited on the AlGaN buffer layer. Light-emitting Ill-nitride quantum wells are deposited 
on the GaN layer. 

[0013] In the case of a sapphire substrate with a {1012} surface, the deposited Ill-nitride 

films are oriented in the < 1 120 > direction. When using the metal-organic chemical vapor- 
phase epitaxy technique, the process of depositing in-plane Ill-nitride layers is similar to the 
process used for depositing <0001> Ill-nitride layers on a <0001> sapphire substrate. A III- 
nitride buffer layer is deposited, at low temperature (~550°C), directly on the sapphire 
substrate. A layer of GaN is deposited on the Ill-nitride buffer layer. Light emitting Ill-nitride 
quantum wells are deposited on the GaN layer. 



[0014] 



In the case of a <100> y-LiAlC^ substrate, the deposited Ill-nitride films are 
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oriented in the < 10 1 0 > direction. The process for depositing in-plane Ill-nitride layers by 
molecular beam epitaxy consists of depositing a Hi-nitride buffer layer at low temperature 
(~550°C) directly on the substrate, followed by a layer of GaN grown at a higher temperature. 
The light-emitting IH-nitride quantum wells are deposited on the GaN layer. 

[0015] Fig. 2 illustrates a portion of an energy band diagram for a Ill-nitride device 
including a {0001 } light emitting layer and a Ill-nitride device including an in-plane light 
emitting layer. The dotted line in Fig. 2 illustrates a {0001 } light emitting layer where the 
potential landscape of the quantum well is tilted as shown. Electrons tend to collect at the 
lowest potential in the conduction band (point 20) and holes at the highest potential in the 
valence band (point 22), resulting in a spatial offset in the highest concentration of electron 
and hole carriers. As the thickness of the light emitting layer increases, the potential 
difference across the light emitting layer increases and the overlap integral of the electron and 
hole wave functions decreases, reducing the likelihood of radiative recombination of carriers 
across the offset. As such, in a device with a significant electric field in the light emitting 
layer such as a {0001 } light emitting layer, the electric field effectively limits the thickness of 
a light emitting layer. 

[0016] The solid line in Fig. 2 illustrates an in-plane light emitting layer. Since the 
spontaneous polarization in the light emitting layer is significantly reduced by confining the 
<0001> axis in the plane of the light emitting layer, the tilt in the energy band diagram is 
significantly reduced or eliminated. Accordingly, in-plane light emitting layers may be 
thicker than {0001 } light emitting layers without confining carriers on the opposite sides of 
the quantum wells. In addition, thicker light emitting layers can accommodate more carriers, 
potentially permitting, for a given internal quantum efficiency, operation at higher current 
densities than {0001} devices. 

[0017] A {0001 } light emitting layer as illustrated in the dotted line of Fig. 2 may 
demonstrate good efficiency at thicknesses less than, for example 25 A, and acceptable 
efficiency at thicknesses less than, for example, 50 A. In contrast, in-plane light emitting 
layers as illustrated in the solid line of Fig. 2 may have a thickness that exceeds 50 A, and 
often have a thickness exceeding 90 or 150 A. 

[0018] The inventors prepared Ill-nitride photoluminescence test structures grown on 
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{1010} SiC with 90 A thick quantum wells. The {10 1 0} test structures emitted light at 
about 1 7% the efficiency of a 25 A thick {0001 } quantum well with the same input laser 
intensity. In contrast, a test structure with a 90 A thick {0001 } quantum well with the same 
input laser intensity emitted no light, illustrating that in-plane light emitting layers may be 
thicker than polarized light emitting layers. 

[0019] Fig. 3 illustrates a portion of an energy band diagram for a Ill-nitride device 
including a {0001 } light emitting layer with a graded band gap, and a Ill-nitride device 
including an in-plane light emitting layer with a graded band gap. As in Fig. 2, in Fig. 3 the 
dotted line represents the {0001 } light emitting layer and the solid line represents an in-plane 
light emitting layer. In each of the devices illustrated in Fig. 3, the band gap across the light 
emitting layer is graded, for example by grading a composition of InN within an InGaN light 
emitting layer. The composition of InN within a {0001 } light emitting layer may be graded 
to reduce the offset described above in reference to Fig. 2 by compensating for the tilting of 
the energy bands caused by polarization within the layer. As illustrated by the dotted line of 
Fig. 3, one result of such grading is that one band becomes flatter (the conduction band in Fig. 
3), while the tilt in the other band increases (the valence band in Fig. 3). Thus, grading in a 
{0001 } light emitting layer must be severe to solve the offset problem described above. 

[0020] In an in-plane light emitting layer, the composition in the light emitting layer may 
be graded without encountering the problems in the {0001 } light emitting layer described 
above. Grading an in-plane light emitting layer increases the overlap integral between the 
electron and hole wave functions. An in-plane light emitting layer may be graded to push 
both types of carriers to the same side of the light emitting layer. It may be beneficial to 
grade the light emitting layer where recombination is preferred at one side of the light 
emitting layer, for example where an interface on one side of the light emitting layer has, for 
example, more defects available for nonradiative recombination than the interface on the 
other side of the light emitting layer. 

[0021] An in-plane light emitting layer may be graded by grading the In composition, in 
the case of a ternary InGaN or quaternary AlInGaN layer. Ungraded {0001 } InGaN light 
emitting layers emitting blue light generally have an In composition between about 8% and 
about 12%; layers emitting green light generally have an In composition between about 16% 
and about 20%. In in-plane graded light emitting layers, the graded In composition may 
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begin, end, or pass through the In compositions described above. 

[0022] In the case of AlGaN or AlInGaN quantum wells, the composition of Al and/or the 
composition of In may be graded in the light emitting layers. 

[0023] In some embodiments, in-plane light emitting layers are included in a multiple 
quantum well active region as illustrated in Fig. 6. Three quantum wells 50 are separated by 
barrier layers 52. Cladding layers 54 confine electrons and holes in the active region. 
Though three quantum wells are illustrated, more or fewer quantum wells may be used. 
Quantum wells 50 may be thick as described above, and may each have the same or different 
widths. Quantum wells 50 may have a constant composition, and may each have the same or 
different composition. One or more of quantum wells 50 may be graded, as described above. 
In some embodiments barrier layers 52 and/or cladding layers 54 may have a graded 
composition. Cladding layers may be graded to create a "funnel" into quantum well layers 
50. Barriers 52 may have a constant composition, and may each have the same or different 
composition. 

[0024] The in-plane light emitting layers described above may be undoped, n-type, or p- 
type. 

[0025] In-plane light emitting layers may offer several advantages. First, in-plane light 
emitting layers may permit devices to be operated at higher current density. In {0001 } III- 
nitride devices, the efficiency of the device generally peaks at a relatively low current density 
and decreases rapidly as the current density increases. The current density at which {0001 } 
Ill-nitride devices are operated may be, for example, about 10 A/cm 2 . The use of in-plane 
light emitting layers, which may be made thicker than {0001 } light emitting layers, may 
permit devices to be operated at much higher current density, for example, greater than about 
100 A/cm 2 , without experiencing a drop in efficiency. 

[0026] Second, in-plane light emitting layers may reduce the shift in emission wavelength 
at high current density. As described above, the electric field in a {0001 } Ill-nitride light 
emitting layer can cause the energy band of the light emitting layer to tilt substantially. With 
increasing current density, increasing carrier density in the light emitting layer shields the 
sheet charges and reverts the tilted bands toward a flat band condition, causing the emission 
wavelength to shift. A shift in the emission wavelength is undesirable, particularly in the case 
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of a phosphor converted device or a device incorporated in a display. In an in-plane device, 
the electric field in the light emitting layer is substantially reduced or eliminated. Thus, 
operation at increasing current density does not appreciably change the potential in the layer, 
and thus does not appreciably change the emission wavelength of the light. 

[0027] Figs. 4 and 5 illustrate Ill-nitride devices including in-plane light emitting layers. 
In the device of Fig. 4, an n-type region 42 is grown over a suitable growth substrate 40, 
followed by active region 43 and p-type region 44. Growth substrate 40 may be, for example, 
the in-plane growth substrates described above, or any other suitable growth substrate. Each 
of n-type region 42, active region 43, and p-type region 44 may include multiple layers of 
different composition, thickness, and dopant concentration. For example, n-type region 42 
and p-type region 44 may include contact layers optimized for ohmic contact and cladding 
layers optimized to contain carriers within active region 43. Active region 43 includes at least 
one in-plane light emitting layer, as described above. Active region 43 may include a single 
light emitting layer, or may include multiple quantum well light emitting layers separated by 
barrier layers. 

[0028] In the device illustrated in Fig. 4, a portion of p-type region 44 and active region 
43 are etched away to reveal a portion of n-type region 42. A p-contact 45 is formed on the 
remaining portion of p-type region 44 and an n-contact 46 is formed on the exposed portion 
of n-contact 46. Contacts 45 and 46 may be reflective such that light is extracted from the 
device through the back side of substrate 40. Alternatively, contacts 45 and 46 may be 
transparent, semi-transparent, or formed in such a way that a large portion of the surfaces of 
p-type region 44 and n-type region 42 are left uncovered by contacts. In such devices, light 
may be extracted from the device through the top surface of the epitaxial structure, the surface 
on which contacts 45 and 46 are formed. 

[0029] In the device illustrated in Fig. 5, the epitaxial layers are bonded to a host substrate 
49 through p-contact 45. Additional layers to facilitate bonding (not shown) may be included 
between p-type region 44 and host 49. After the epitaxial layers are bonded to host 49, the 
growth substrate may be removed to expose a surface of n-type region 42. Contact to the p- 
side of the active region is provided through host 49. An n-contact 46 is formed on a portion 
of the exposed surface of n-type region 42. 

[0030] Having described the invention in detail, those skilled in the art will appreciate 
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that, given the present disclosure, modifications may be made to the invention without 
departing from the spirit of the inventive concept described herein. Therefore, it is not 
intended that the scope of the invention be limited to the specific embodiments illustrated and 
described. 
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